Background {#s0005}
==========

It is well established that disease prevalence varies in different geographical regions of the world. Improvements in hygiene and decreased microbial exposure in childhood have been hypothesized to be responsible for the increased occurrence of allergies, autoimmune disorders, and inflammatory bowel disease in the westernized world ([@bib42]). On the other hand, conditions such as environmental enteropathy and decreased oral vaccine efficacy are seen in the developing world. Environmental enteropathy is a diffuse villous atrophy of the small bowel, which is ubiquitous in children in the developing world ([@bib4], [@bib25]). It has been observed that environmental enteropathy reverses on transfer to an environment with improved hygiene and sanitation ([@bib21], [@bib22]). Clearly, the environment is an important factor in the development of human disease.

The human gut contains a diverse microbial community, and it is postulated that many disorders of digestion and growth including diarrhea, inflammatory bowel disease, environmental enteropathy, and malnutrition could be related to perturbations in this biomass. Significant effort has been made to understand the bacterial component of the human stool microbiome and the role it may play in human disease. For example, a dysbiosis or shift in the relative abundances of the bacterial taxa has been associated with obesity ([@bib43]), inflammatory bowel disease ([@bib10], [@bib40]), diabetes ([@bib18]), and necrotizing enterocolitis ([@bib24]). The bacterial microbiome can be influenced by several factors including diet, geography, and phage populations. Studies comparing the bacterial gut communities from healthy populations in different parts of the world show that the bacterial microbiome varies with geography ([@bib6], [@bib51]).

A few studies have examined the human bacteriophage virome in stool. All of the studies reported to date have been done in healthy humans. These findings have shown that the phage virome changes rapidly in the first week of life ([@bib3]), interpersonal variation is high while intrapersonal diversity is low ([@bib35]), diet plays an important role ([@bib27]), and that the phage virome evolves quickly ([@bib26]).

By contrast, little is known about the enteric eukaryotic virome or the potential role it, and variation within it, may play in human disease. In monkeys, pathogenic infection with simian immunodeficiency virus is associated with expansion of the enteric virome, including both RNA viruses and DNA viruses ([@bib12]). A limited number of studies have begun to define the eukaryotic stool viromes of people with diarrhea ([@bib8], [@bib28], [@bib33], [@bib41], [@bib44]), non-polio acute flaccid paralysis ([@bib46]), and healthy adults ([@bib52]). However, a limitation of the previous human studies is that none have explicitly compared eukaryotic viromes between geographic sites, disease states or age groups, and thus it is not known what factors might influence the composition of the human virome.

Acute diarrhea is one of the leading causes of mortality worldwide, and viruses are known to play a major etiologic role. As a significant fraction of cases are of unexplained etiology, many metagenomic studies have focused upon identifying novel candidate microbial agents. Because previous metagenomic studies demonstrated significant virus diversity in patients with diarrhea ([@bib8]) we focused this study on comparing the eukaryotic virus populations in stools of children with diarrhea collected from two different locations, Melbourne, Australia and the Northern Territory, Australia.

Results {#s0010}
=======

Sequencing statistics and cohort demographics {#s0015}
---------------------------------------------

Metagenomic sequencing was performed on 43 stool samples from Melbourne and 44 stool samples from Northern Territory. The Melbourne and Northern Territory cohorts were 53% and 50% female, respectively (*p*=non-significant). The average age of the Melbourne cohort was 25.4 months, while the average age of the Northern Territory cohort was 15.7 months (*p*=0.002 (*t*-test)). 454 sequencing of the Melbourne and Northern Territory samples yielded 646,630 and 406,252 total reads and 76,347 and 118,420 unique reads respectively. The average sequence length of the Melbourne and the Northern Territory samples was 339 and 329 respectively. 83.6% of the unique reads possessed detectable similarity to sequences in GenBank while the remaining 16.4% of reads had no significant similarity to sequences in GenBank. Of the 162,784 classifiable sequences 2.5% were viral, 75.8% bacteria, 4.4% phage, 8.9% fungi, 7.0% human, and 1.4% other (plant, fish, etc.). Further breakdown of these statistics by cohort is shown in [Table 1](#t0005){ref-type="table"}.Table 1Sequencing statistics by cohort.Northern TerritoryMelbourneAverage read length329 nt339 ntTotal reads406,252646,630Unique reads118,42076,347Unique viral reads2754 (2.3%)1266 (1.7%)Unique bacterial reads73,164 (61.8%)50,196 (65.7%)Unique phage reads3417 (2.9%)3680 (4.8%)Unique fungi reads12,643 (10.7%)1897 (2.5%)Unique human reads8183 (6.9%)3212 (4.2%)Unique other reads1055 (0.9%)1317 (1.7%)No similarity to sequences in GenBank17,204 (14.5%)14,779 (19.4%)

Viruses detected by metagenomic analysis {#s0020}
----------------------------------------

Since all of the stool samples sequenced were from children with acute diarrhea, it was anticipated that a known diarrhea virus would be detected in many of the samples. Twenty-four (28%) of the 87 samples contained sequences derived from the families *Reoviridae*, *Caliciviridae*, *Adenoviridae* or *Astroviridae*. Strikingly, sequences from many additional virus families were detected in these samples as well as in samples that did not contain sequences from the four canonical diarrheagenic virus families. The most commonly detected virus family was the *Anelloviridae*, which was present in 37 samples. In total, viral sequences were identified in 57 (66%) of the 87 Australian samples while 35/87 (40%) of the samples had sequences from 2 or more viral families ([Supplementary Table 1](#s0145){ref-type="sec"}). Thirty-five of the 44 (80%) samples from the Northern Territory had one or more viral families detected which was more than the 22 of the 43 (51%) samples from Melbourne that had virus detected. One sample from Northern Territory contained sequences from 8 different viral families ( [Fig. 1](#f0005){ref-type="fig"}a). Overall, sequences from 22 different viral families were detected in these 87 samples. These included viruses from families known to reside in the gastrointestinal tract such as *Picornaviridae* ([@bib32]), *Anelloviridae* ([@bib30]), *Circoviridae* ([@bib19]), and *Orthomyxoviridae* ([@bib49]) and known plant viruses, including members of the families *Betaflexiviridae*, *Bromoviridae*, *Endornaviridae*, and *Virgaviridae*, consistent with previous studies that reported detection of plant viruses ([@bib8], [@bib46], [@bib52]). In addition, viruses not previously thought to have an enteric reservoir were detected. For example, human parainfluenza 3 was detected in one sample. The most common viral families detected were *Anelloviridae* (37 samples), *Picornaviridae* (26 samples) and *Adenoviridae* (10 samples). As with all sequencing based studies, our findings are limited by the depth of sequencing achieved. It is possible that deeper sequencing may detect additional viruses present at low abundance.Fig. 1Number of viral families (A) and genera (B) in Northern Territory and Melbourne. Diarrhea samples from the Northern Territory contained more viral families and genera per sample than diarrhea samples from Melbourne.

A number of samples contained what are likely to be novel viruses that shared only very limited sequence identity with known viruses. For example, one sample contained 110 unique sequences with limited similarity to viruses in the order of *Picornavirales*. Assembly of these reads and sequences that did not share detectable sequence similarity with anything in the database yielded 9 contigs that shared highest sequence similarity with viruses in the order *Picornavirales*. The longest contig of 9898 nt (601 reads, 18× coverage) shared only 28% amino acid identity to the Israel acute paralysis virus of bees and is likely to be almost the complete genome. A second contig of 7748×nt (322 reads, 12× coverage) shared 28% amino acid identity to the Kashmir bee virus. The two novel viruses shared 82% nt identity with each other. These contigs have been deposited in GenBank \[accession numbers KJ420969--KJ420970\]. In other samples, sequences were also identified from divergent DNA and RNA viruses, including small DNA viruses from the family *Anelloviridae* and RNA virus families including *Endornaviridae, Betaflexiviridae, Partitiviridae,* and *Virgaviridae*. It is unknown if these newly described viruses are capable of infecting humans or if they are dietary passengers that infect food ingested by the individual.

Comparison of viromes {#s0025}
---------------------

For each stool specimen, it would be ideal to define the number of distinct virus species present and the relative abundance of each species. However, a number of technical challenges and limitations precluded this form of analysis. First, highly variable coverage levels of the viruses ranging from a single read to hundreds of reads of a virus were obtained, presumably due to variations in viral load as well as the relative abundance of the virus compared to other non-viral nucleic acid molecules in the sample. For samples with low coverage levels, it is impossible to determine whether multiple reads that align to different regions of the same reference virus are derived from the same or related but distinct viruses; therefore, it is challenging to accurately define the number of virus species present. Furthermore estimation of the viral load or copy number from the number of reads obtained is complicated by the sequence independent PCR step, which may introduce amplification biases.

Due to these considerations, we conservatively chose to define viral diversity based on the presence or absence of sequences derived from each of the 95 virus families defined by the ICTV. Therefore, the virome of an individual sample was defined as the number and type of viral taxa with at least one representative sequence present in the sample. These conservative criteria will likely underestimate the true viral diversity of the sample. Similar analyses were also performed by quantifying the presence or absence of sequences from each virus genus.

Virome comparison by gender {#s0030}
---------------------------

To assess whether gender influences the virome, we compared the number of viral families detected per sample by gender in the Northern Territory and Melbourne cohorts and as an aggregate cohort. There was no statistically significant difference (Wilcoxon) in the number of viral families per sample by gender (*p*=0.912 (regardless of location), *p*=0.444 (Melbourne), *p*=0.952 (Northern Territory)). We then assessed if there were gender differences at the individual virus family level. No individual virus family had a statistically significant difference.

Virome comparison by geographic location {#s0035}
----------------------------------------

To determine if the virome differs by geographic location we compared the number of viral families and genera per sample in each location ([Fig. 1](#f0005){ref-type="fig"}). Diarrhea samples from the Northern Territory contained more viral families per sample than diarrhea from Melbourne (*p*=0.0002 (Wilcoxon)). This was also true at the genus level (*p*=0.0003 (Wilcoxon)). To control for differences for the larger number of unique reads generated in the Northern Territory samples compared to the Melbourne samples ([Table 1](#t0005){ref-type="table"}), we randomly selected unique reads from the Northern Territory samples to achieve the same sampling depth of the Melbourne samples 100 times. All 100 iterations showed that samples from the Northern Territory contained more viral families (and viral genera) per sample than the samples from Melbourne (*p*\<0.05 (Wilcoxon)). This result demonstrates that the significant difference between Northern Territory and Melbourne is not due to the higher number of unique reads obtained for Northern Territory samples. To determine if a particular viral family drove this difference we compared the prevalence of each individual virus family in the two cohorts. The highly abundant anelloviruses were detected with similar frequencies in the two cohorts (Northern Territory, 52.3%, Melbourne, 32.6%; (*p*=0.083 (Fisher׳s exact))). Two families, the *Picornaviridae* (*p*=0.0003 (Fisher׳s exact)) and the *Adenoviridae* (*p*=0.015 (Fisher׳s exact)) were statistically different between the two locations. As there are many picornaviruses known to infect humans, we then determined which picornavirus genera were present. Sequences from the following genera in the family *Picornaviridae* were detected: *Cardiovirus*, *Enterovirus*, *Klassevirus*, *Kobuvirus*, and *Parechovirus* ( [Table 2](#t0010){ref-type="table"}). The genus *Enterovirus* was the most frequently detected and was the only one that was statistically different between the two locations (*p*\<0.001 (Fisher׳s exact)).Table 2Number of samples with picornavirus genera detected by sequencing.Northern TerritoryMelbourneCardiovirus11Enterovirus172Klassevirus10Kobuvirus10Parechovirus62

As the average age of the two cohorts was statistically significantly different (25.4 months (Melbourne) *vs.* 15.7 months (Northern Territory)), we evaluated if the difference in age was confounding the difference seen by location. We assessed if there was a correlation between age and the total number of viral families present. No correlation was detected in either Northern Territory (Spearman, rho −0.271 (*p*=0.075)) or Melbourne (Spearman, rho −0.113 (*p*=0.472)). Furthermore, to assess if the relationship between location and total number of viral families per sample was stable regardless of age, we performed a semiparametric analysis of covariance in which the number of total viral families per sample was rank transformed. After adjusting for age, both the number of viral families (*p*=0.001) and the number of viral genera (*p*=0.001) between the two sites were still statistically different. Therefore, age differences between the Northern Territory and Melbourne cohorts do not contribute significantly to the virome differences between the two regions.

PCR of adenovirus, astrovirus, coronovirus, enterovirus, norovirus, and rotavirus {#s0040}
---------------------------------------------------------------------------------

In order to independently confirm the sequencing results, we used PCR to define the prevalence of the most frequently detected viruses for which pan-family or pan-genus primers could be used including: adenovirus, astrovirus, enterovirus, norovirus, and rotavirus. We additionally screened the samples for a family not detected by sequencing, the *Coronaviridae*.

There was good concordance between the sequencing results and the qPCR for adenovirus. All ten of the positive samples by sequencing were confirmed by our qPCR. Additionally, there were two samples that were negative by sequencing, but positive by qPCR. The adenovirus qPCR was capable of detecting five copies per reaction ([Supplementary Fig. 1](#s0145){ref-type="sec"}a). The two samples that sequencing failed to identify as adenovirus positive were the two with the lowest copy number by qPCR (6.9×10^2^ and 1.2×10^3^  copies/g stool).

There were three samples sequencing positive for astrovirus. One of these samples was PCR positive. No samples were PCR positive and sequencing negative. One of the samples positive by sequencing and negative by PCR had 165 reads whose top blast hits were astroviruses. Close inspection of the consensus sequence of these reads showed 3 and 4 mismatches in the forward and reverse primer regions, respectively, which is a likely explanation for why it was not detected by PCR. The other sample positive by sequencing had only a single read, which was not in the region targeted by the primers, so it is unknown if sequence variation in the primer binding sites could be an explanation for this sample as well.

Nineteen samples were positive by sequencing for the enterovirus genus, including 3 that contained rhinovirus species and 16 that contained enterovirus species. We utilized a pan-enterovirus assay ([@bib45]) that does not detect rhinovirus species to evaluate concordance. Twelve of the 16 sequencing positive samples were qRT-PCR positive. The sensitivity limit of the enterovirus qRT-PCR assay was 500 copies as defined by its standard curve ([Supplementary Fig. 1b](#s0145){ref-type="sec"}), so it is possible that these four discordant samples were below the limit of detection. In addition, there was one sample that was qRT-PCR positive, but sequencing negative.

Six samples were positive by sequencing for norovirus GII. All of these samples were detected by qRT-PCR. There was one additional sample that was qRT-PCR positive but sequencing negative. No samples were sequencing or qRT-PCR positive for norovirus GI.

There were eight samples sequencing positive for rotavirus. All eight of these samples were RT-PCR positive as well. Additionally, there were four samples from the Northern Territory that were positive for rotavirus by RT-PCR, but negative by sequencing. The sequencing based analysis of rotaviruses was not statistically different between the two sites (*p*=0.2658). However, because the RT-PCR assay detected four additional positive samples, rotavirus prevalence as measured by RT-PCR was statistically significant (*p*=0.0264). One factor that complicates interpretation of this difference is that fact that different vaccines were used in the two different regions. In Melbourne RotaTeq (Merck), a live human-bovine pentavalent reassortant vaccine is used, while Rotarix (GlaxoSmithKline), a live attenuated human vaccine strain, is used in the Northern Territory. The stool viral load of Rotarix has been found to be 100 fold higher than children receiving RotaTeq ([@bib14]) which may have impacted the differences seen.

No samples were positive by sequencing for coronaviruses. One sample was positive by RT-PCR. This amplicon was cloned and Sanger sequenced and confirmed to be coronavirus 229E, which has been reported in diarrhea samples previously ([@bib36]). Overall there was good concordance between the sequencing data and the PCR screening. The level of concordance observed was similar to that observed in other studies comparing next generation sequencing to PCR ([@bib50]).

PCR of adenovirus and enterovirus in additional samples {#s0045}
-------------------------------------------------------

To explore whether the differences seen in adenovirus and enterovirus, could be seen when examining a larger number of samples, we tested additional samples from Melbourne and Northern Territory. Further testing for rotavirus was not pursued as the vaccination status of each subject was unknown and could be a potential confounder. We tested samples from Melbourne (*n*=159) and Northern Territory (*n*=165), including all of the samples that were analyzed by metagenomic sequencing. Enteroviruses were more prevalent in the Northern Territory (18.0%) compared to Melbourne (0.6%) by qRT-PCR and adenoviruses were more abundant in the Northern Territory (18.8%) than in Melbourne (6.3%) by PCR confirming the metagenomic results.

To explore the generalizability of these results, we assessed the prevalence of enteroviruses and adenoviruses in additional diarrhea cohorts from Seattle (*n*=80) and The Gambia (*n*=160) ( [Table 3](#t0015){ref-type="table"}a--c), which yielded enterovirus positivity rates of 0% and 28.8%, respectively. Adenovirus positivity was even higher in The Gambia (41.9%), while comparable adenovirus frequencies were detected in Seattle (21.3%), and Northern Territory (18.8%).Table 3qPCR of adenovirus and enterovirus in additional samples.Adenovirus qPCR positiveEnterovirus qRT-PCR positive(a) qPCR results.Melbourne (*n*=159)10 (6.3%)1 (0.6%)Northern Territory (*n*=165)31 (18.8%)29 (18.0%)Seattle (*n*=80)17 (21.3%)0 (0%)The Gambia (*n*=160)67 (41.9%)46 (28.8%)  Northern TerritorySeattleThe Gambia(b) Adenovirus qPCR site comparison *p* valuesMelbourne0.00420.00360.0006Northern Territory0.99810.0006Seattle0.0096The Gambia  Northern TerritorySeattleThe Gambia(c) Enterovirus qRT-PCR site comparison *p* valuesMelbourne0.00060.97960.0006Northern Territory0.00060.0967Seattle0.0006The Gambia

Discussion {#s0050}
==========

We examined the diversity of viral communities in stools from 87 children with diarrhea from two different geographic locations collected in the same time period using standardized inclusion criteria at both sites. This study design enabled us to minimize variables while defining and comparing the viromes of patients collected from the two sites.

Many virus families were equally prevalent in the two cohorts, including common diarrhea causing viruses such as norovirus (*Caliciviridae*) and astrovirus (*Astroviridae)*. In addition, some viruses that have no known pathogenic properties, such as anelloviruses, were frequently detected in both cohorts. Viruses with limited identity to non-human viruses (ex. Israeli acute paralysis virus) were detected. It is unknown whether these represent novel human pathogens or are dietary passengers. Other studies of reclaimed water ([@bib38]), raw sewage ([@bib5], [@bib29]), and stool ([@bib46]) have also found invertebrate viruses. Moreover, it is striking that many samples had multiple viral families detected beyond the viruses typically associated with diarrhea. Most notable was the sample with 8 different viral families detected which raises the question of whether there may be some synergy between viruses (*i.e.* do some infections make the gut more permissive to infection by additional viruses?). Furthermore, these observations suggest the possibility that viruses are present in the human gut in a fashion analogous to the well-established bacterial microbiome. Longitudinal studies are needed to shed further light on the nature of the eukaryotic virome.

We demonstrated that the diarrhea samples from the Northern Territory had more viral families per sample than the samples from Melbourne. Further analysis demonstrated that the families *Adenoviridae*, *Picornaviridae*, and *Reoviridae* were more common in the Northern Territory than in Melbourne. Furthermore, we found that within the picornaviruses the genus *Enterovirus* was the most commonly detected and was preferentially found in the Northern Territory. These results clearly demonstrate that enteric viromes in patients with diarrhea can differ between two different geographic sites.

There are many possible explanations for the observed population-specific differences in the human diarrhea stool viromes. It is plausible that environmental factors such as diet, living conditions, water quality, hygiene and/or socioeconomic status could dictate the composition of the stool virome. The samples from Melbourne mainly represent patients living in a westernized and urban setting, while the samples from the Northern Territory represent patients largely from remote communities scattered across a large area. Health indicators among children in the Northern Territory, including for a range of infectious diseases, are worse than for children elsewhere in Australia ([@bib11], [@bib39]). The paucity of enteroviruses in the Seattle cohort and their comparative abundance in children from The Gambia is consistent with the model that these viruses are associated with children living in impoverished conditions. Culture-based studies from several decades ago of healthy children also demonstrated a greater frequency of excretion of enteroviruses among persons of lower socioeconomic status ([@bib13], [@bib31]). Additionally, a recent study in Seattle showed no enterovirus detection in stools from children with diarrhea ([@bib2]).

From the sequencing data there was not a statistically significant difference in the prevalence of rotavirus between Melbourne and the Northern Territory. RT-PCR confirmed the presence of rotavirus in these samples and identified four additional positive samples in the Northern Territory. These additional positive samples then made rotavirus statically different between Melbourne and the Northern Territory. It is possible that these differences are related to the different rotavirus vaccinations given, the proportion of children that were vaccinated, or differences in vaccine efficacy.

While we observed differences in the prevalence of adenoviruses between Melbourne and the Northern Territory, broader analysis of additional diarrhea cohorts (Seattle and The Gambia) yielded a more complex picture. As with the enteroviruses, the highest rate of adenovirus positivity was in The Gambia (42%) and the lowest was in Melbourne (6%). The 42% adenovirus prevalence in The Gambia is similar to previously described reports from some other locations (France and Kenya) ([@bib1], [@bib23]). Unlike the situation with enteroviruses, adenoviruses were detected in approximately equal frequencies in Northern Territory and Seattle. Further studies are needed in larger populations, over multiple years, in these sites to ascertain whether these observations truly reflect geographic differences, or whether additional factors such as seasonality, year-to-year variation, or community outbreaks contribute to these findings.

Conclusions {#s0055}
===========

This study demonstrates major inter-population differences in the human stool eukaryotic virome. The potential etiologic role of the human stool virome in disorders with profound geographic differences remains to be seen. In one hypothesis, these disorders, which include environmental enteropathy, oral vaccine failures, autoimmune diseases, inflammatory bowel disease, and allergic conditions, could be consequences of perturbations in the stool virome. To evaluate this and other hypotheses, it will be important to define the childhood stool virome in other geographic locations as well in health and other states of disease.

Methods {#s0060}
=======

All stool samples were obtained with parental/guardian consent under protocols approved by Human Studies Committees from Seattle Children׳s Hospital, University of Maryland Baltimore, the Central Australian Human Research Ethics Committee, the Human Research Ethics Committee of the Menzies School of Health Research, the Northern Territory Department of Health and Families, the Royal Children׳s Hospital, and the Joint Ethics Committee of the Gambia Government/Medical Research Council Unit. The use of deidentified samples from the previous studies was approved by the Human Studies Committee of Washington University in St. Louis.

Australian stool samples {#s0065}
------------------------

Stool samples were collected from children less than 5 years old admitted to The Royal Children׳s Hospital, Melbourne, Victoria, Australia and Alice Springs Hospital or Royal Darwin Hospital Northern Territory, Australia, with acute diarrhea between December 2009 and September 2010. These samples were collected under the same inclusion criteria and were archived at −70  ^o^C in Melbourne. Rotavirus vaccine was part of the routine childhood vaccinations throughout the collection period. In Melbourne RotaTeq (Merck), a live human-bovine pentavalent reassortant vaccine is used, while Rotarix (GlaxoSmithKline), a live attenuated human vaccine strain is used in the Northern Territory. 165 samples from the Northern Territory and 159 samples from Melbourne were randomly selected for this study. Of these, 44 samples from Northern Territory and 43 samples from Melbourne were sequenced.

Seattle stool samples {#s0070}
---------------------

Stool samples were collected from children less than 5 years old who were evaluated for self-defined diarrhea at the Seattle Children׳s Hospital Emergency Department from 2003 to 2005 as part of a prospective study ([@bib7]). Eighty samples were randomly selected from this cohort for the adenovirus and enterovirus qPCR prevalence phase of this study.

Gambian stool samples {#s0075}
---------------------

Stool samples were collected from children with moderate-to-severe diarrhea less than 5 years old from 2008 to 2009 as part of the Global Enteric Multi-center Study (GEMS) ([@bib16]). Diarrhea was defined as new (onset after \>7 diarrhea free days), acute (onset within the previous 7 days) and having one of the following criteria: sunken eyes, loss of skin turgor, intravenous hydration administered or prescribed, visible blood in loose stools, or admission to hospital with diarrhea ([@bib17]). Samples were collected from children located in the Upper River Division (URD), a rural region in The Gambia. 160 diarrhea stools were randomly selected from this cohort for the adenovirus and enterovirus qPCR prevalence phase of this study.

Nucleic acid preparation and sequencing {#s0080}
---------------------------------------

Frozen stool was resuspended in 6 volumes of sterile PBS and centrifuged. Resulting supernatants were passed through a 0.45 um filter. Total nucleic acids (RNA and DNA) were isolated from the filtrate using the Ampliprep DNA extraction machine (Roche). In order to evaluate samples for both RNA and DNA viruses the total nucleic acids were randomly amplified. Specifically, RNA present in the sample was converted to cDNA by reverse transcription. Following second strand synthesis, the double-stranded cDNA and any single-stranded or double-standed DNA were then PCR amplified using unique sequence primers which were used as a barcode to assign sequences to their corresponding sample ([@bib48]). The products were then pooled, adapter ligated and sequenced using the 454 GS FLX Titanium platform (454 Life Science).

Analysis of sequencing reads {#s0085}
----------------------------

Sequences were analyzed using a custom bioinformatics pipeline (VirusHunter) ([@bib53]). Briefly, sequences were deconvoluted based on their barcode ([Supplemental Table 2](#s0145){ref-type="sec"}). To reduce the risk of cross contamination between samples barcodes were required to be present at both ends of the read with a perfect match and was trimmed before any further analysis. To reduce the number of near identical sequences introduced from PCR bias, sequences were clustered using CD-HIT ([@bib20]) requiring 95% identity over 95% of the sequence. The longest sequence from each cluster was chosen as the representative unique sequence. Sequences were then masked by RepeatMasker (<http://www.repeatmasker.org>). If a sequence did not contain a stretch of at least 50 consecutive non-"N" nucleotides or if greater than 40% of the total length of the sequence was masked, it was removed from further analysis. The remaining high quality unique sequences were then sequentially compared to (1) human genome using BLASTn, (2) nt database by BLASTn and (3) nr database using BLASTx. Minimum *E*-value cutoffs of 1×10^−10^ for BLASTn and 1×10^−5^ for BLASTx were used. Sequences were then binned based on the top BLAST hit to human, mouse, fungal, bacterial, phage, viral, and other. Sequences aligning to both a virus and another kingdom with the same *E*-value were classified as ambiguous and not subjected to further analysis. Viral sequences were binned into families based on the taxonomical identity of the best BLAST hit as defined by the NCBI Taxonomy database. Results from this approach have been previously compared directly to other similar BLAST-based taxonomic classifiers such as MEGAN ([@bib12]). Samples were considered positive for a family (or genus) if at least one unique read was present. From previous experience with stool virome analysis, alignments to particular viral families in the NCBI Taxonomy database (herpesviridae, iridoviridae, mimiviridae, phycodnaviridae, poxviridae, unclassified dsDNA viruses, and environmental samples) have a high frequency of false positives, usually due to low complexity and/or repetitive sequence motifs yielding artefactual alignments. Thus, all sequences aligning to these families were manually evaluated and those deemed to be false positives were removed from further analysis.

Assembly of viral genome {#s0090}
------------------------

Assembly was performed on one sample, which was noted to contain 110 unique sequences with limited similarity to viruses in the order of *Picornavirales*.

Sequences identified as viral as well as sequences that had no significant hit to any sequence in the NR and NT databases were assembled using Newbler (454 Life Sciences, Branford, CT) with default parameters.

Real-time RT-PCR (qRT-PCR) screening for enterovirus {#s0095}
----------------------------------------------------

A previously described pan-enterovirus TaqMan assay targeting conserved sequences in the 5′UTR region of the genome ([@bib45]) was used to assess enterovirus prevalence in all cohorts. The qRT-PCR was performed using the One-Step RT-PCR TaqMan kit (Applied Biosystems). The 25 μL reaction included 5 μL of extracted sample, 12.5 pmol of each primer, and 6.25 pmol of probe. The following cycling conditions were used: 48 °C for 30 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C for 1 min. To generate a standard curve for this assay, *in vitro* transcribed RNA was generated from a plasmid containing the region of interest using MAXIscript (Ambion) per the manufacturer׳s protocol. Serial dilutions of this *in vitro* transcribed RNA from 5×10^6^ to 5 copies were used to generate a standard curve and a limit of detection of 500 copies was defined ([Supplemental Fig. 1b](#s0145){ref-type="sec"}). Samples were tested in a 96-well plate format with 8 negative controls and 1 positive control per plate. The threshold of all plates was set at a standard value, and samples were counted as positive if their cycle threshold was \<38.00.

qPCR screening for adenovirus {#s0100}
-----------------------------

A pan-adenovirus TaqMan assay that detects all adenovirus species was used to assess adenovirus prevalence in all cohorts ([@bib15]). qPCR was performed with the TaqMan Universal PCR Master Mix (Applied Biosystems). The 25 μL reaction included 5 μL of extracted sample, 12.5 pmol of each primer, and 4 pmol of probe. The following cycling conditions were used: 50 °C for 2 min, 95 °C for 10 min, 45 cycles of 95 °C for 15 s and 60 °C for 1 min. To establish a standard curve for this assay, a plasmid containing the region of interest was used in serial dilutions of 5×10^6^ to 5 copies and a limit of detection of 5 copies was defined ([Supplementary Fig. 1a](#s0145){ref-type="sec"}). Samples were tested in a 96-well plate format with 8 negative controls and 1 positive control per plate. The threshold of all plates was set at a standard value, and samples were counted as positive if their cycle threshold was \<38.00.

Real-time RT-PCR (qRT-PCR) screening for norovirus {#s0105}
--------------------------------------------------

We modified a previously described assay to detect norovirus GI and norovirus GII separately ([@bib37]). This was used to independently confirm our sequencing results. The qRT-PCR was performed using the One-Step RT-PCR TaqMan kit (Applied Biosystems). The primers and probes were as previously described ([@bib37]) except RING2P was labeled with VIC instead of JOE. The 25 μL reaction included 5 μL of extracted sample, 12.5 pmol of each primer, and 6.25 pmol of probe. The following cycling conditions were used: 50 °C for 30 min, 95 °C for 10 min, 50 cycles of 95 °C for 15 s and 56 °C for 1 min. To generate a standard curve for this assay, *in vitro* transcribed RNA was generated from plasmids containing the regions of interest using MEGAscript (Ambion) per the manufacturer׳s protocol. Serial dilutions of these *in vitro* transcribed RNA from 5×10^6^ to 5 copies were used to generate a standard curve and a limit of detection of 5 copies was defined ([Supplementary Fig. 1c and d](#s0145){ref-type="sec"}) for both assays. Samples were tested in a 96-well plate format with 8 negative controls and 1 positive control per plate. The threshold of all plates was set at a standard value, and samples were counted as positive if their cycle threshold was \<38.00.

Reverse transcription PCR (RT-PCR) for astrovirus {#s0110}
-------------------------------------------------

A previously described astrovirus consensus RT-PCR was used to independently confirm our sequencing results ([@bib9]). Qiagen OneStep RT-PCR kit was used to screen 3 μL of extracted material from each sample using the consensus primers SF0073 (5′-GATTGGACTCGATTTGATGG-3′) and SF0076 (5′-CTGGCTTAACCCACATTCC-3′′) which target the ORF 1b (RNA polymerase) of astroviruses under the following cycling conditions: 30 min RT step, 94 °C hold for 10 min, followed by 40 cycles of 94 °C for 30 s, 52 °C for 30 s, and 72 °C for 50 s.

RT-PCR for rotavirus {#s0115}
--------------------

To independently confirm our sequencing results a previously described RT-PCR to detect group A rotavirus was used ([@bib34]). RT-PCR screening was done using the Qiagen OneStep RT-PCR kit. Each 25 μL reaction used 3 μL of extracted material from each sample and forward (5′-ATGCTCAAGATGGAGTCT-3′) and reverse (5′-GGTCACATAACGCCCCTAT-3′) primers which target nonstructural protein (NSP) 3 under the following cycling conditions: 30 min RT step, 94 °C hold for 10 min, followed by 40 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 1 min.

RT-PCR for coronavirus {#s0120}
----------------------

A previously described pan-coronavirus RT-PCR was used to independently confirm our sequencing results ([@bib47]). Qiagen OneStep RT-PCR kit was used to screen 3μL of extracted material from each sample using the primers Cor-FW (5′--ACWCARHTVAAYYTNAARTAYGC-3′) and Cor-RV (5′-TCRCAYTTDGGRTARTCCCA-3′) which target a 251 bp region of the RNA polymerase of coronaviruses under the following cycling conditions: 30 min RT step, 94 °C hold for 10 min, followed by 50 cycles of 94 °C for 30 s, 48 °C for 30 s, and 72 °C for 1 min. PCR amplicons were cloned into pCR4 (Invitrogen) and sequenced using standard Sanger sequencing technology.

Statistical analysis {#s0125}
--------------------

Two-tailed *p* values were derived using Wilcoxon rank-sum, chi-square, Fisher׳s exact, or *t*-tests, as indicated. Wilcoxon rank-sum test, a non-parametric test, was used to compare ordinal data. Fisher׳s exact test was used for categorical data (ex. presence or absence). Assessment of correlation was done using Spearman Rank. For the site comparisons of qPCR results, chi-square with Sidak adjustment for multiple comparisons was used. Statistical analyses were performed using SAS (Cary, NC) software version 9.2.

Availability of supporting data {#s0130}
===============================

Sequences (human reads removed) have been uploaded to the MG-RAST (<http://metagenomics.anl.gov/>) server under the project name Australian Pediatric Diarrhea \[MG-Rast ID 4529846.3--4529932.3\].

Appendix A. Supplementary materials {#s0145}
===================================

Supplementary Data Supplemental [Fig. 1](#f0005){ref-type="fig"}. Real time standard curves. (A) Real time PCR screening assay for adenovirus standard curve. A plasmid containing the region of interest was used in serial dilutions of 5×10^6^ to 5 copies to generate a standard curve. Real time RT-PCR screening assay for enterovirus (B), norovirus GI (C) and norovirus GII (D) standard curves. *In vitro* transcribed RNA from 5×10^6^ to 5 copies were used to generate a standard curve.

Supplementary data Supplemental [Table 1](#t0005){ref-type="table"}. Viral families detected by sample. Number of unique reads shown.

Supplementary data Supplemental [Table 2](#t0010){ref-type="table"}. Barcoding sequence for each sample.
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